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Introduction
The clinical management of patients with coronary artery disease (CAD) involves a complex assessment of the extent and severity of changes in left ventricular (LV) myocardial perfusion, function and viability Marwick et al., 1999) . Assessment of these LV attributes is usually performed in isolation using either echocardiography, single photon emission computed tomography (SPECT), or more recently, cardiac magnetic resonance (CMR) imaging. The use of a polar plot from tomographic images of the LV was initally implemented with SPECT (Garcia et al., 1985) . Polar representation has proven to be a clinically useful method for displaying data from the whole LV in one image (Klein et al., 1990; Altehoefer et al., 1992) .
However, information in the literature on approaches to integrate information from SPECT and CMR are sparse (Faber et al., 1991; Nelson et al., 2004; Aladl et al., 2004) .
Importantly, no previous approaches have undertaken side-by-side presentation of information on perfusion, function and viability as polar plots.
Gated SPECT and CMR can both be used to assess perfusion and function (Klocke et al., 2003; Pennell et al., 2004) . CMR is considered the gold standard for assessment of function due to higher spatial and temporal resolution compared to gated SPECT (Persson et al., 2005) . Furthermore, SPECT is a well-established technique for assessing perfusion whereas CMR perfusion assessment has not yet been established in clinical routine (Pennell et al., 2004) . There are several software packages available for the semiautomatic quantification of perfusion and/or function from cardiac SPECT (Van Train et al., 1994; Germano et al., 1997; Liu et al., 1999; Germano et al., 2000) . However, these 4 packages do not provide the ability for users to modify the process of analysis or access the original quantitative data. We therefore sought to develop an integrated method for quantitative polar representation of data from regional myocardial perfusion from SPECT and regional myocardial function and viability from CMR. In order to assess the clinical usefulness of the proposed quantitative methods, we also explored the relationship and determined the agreement between visual scoring and quantitative measurement of regional perfusion and function.
Methods
Study design. The study was approved by the local ethics committee and all subjects provided written informed consent prior to enrollment. We prospectively recruited ten patients with a history of CAD who were scheduled for first time elective coronary artery bypass grafting (CABG). These patients underwent rest and stress SPECT imaging and CMR prior to surgery. One patient underwent the same imaging protocol one month after surgery for the purpose of illustrating clinical usefulness. The images obtained from the one patient after surgery were not used for comparison between visual and quantitative data. All CMR and SPECT images were analyzed using in-house developed software.
Cine CMR and SPECT images were visually scored by an experienced reader. Visual scores for function (cine CMR) and perfusion (SPECT) were compared to the corresponding quantitative measures of function and perfusion.
SPECT Imaging. Rest and stress imaging were performed on separate days, 30 minutes after intravenous injection of a body weight adjusted dose (500-700 MBq) of 99m Tctetrofosmin (Amersham Health, Buckinghamshire, UK). Stress imaging was undertaken using either pharmacological or exercise stress. Pharmacological stress employed 5 mg/ml adenosine (Adenosin Item®, Item Development AB, Stocksund, Sweden) infused at a rate of 140 µg/kg/min for 3 minutes before tracer injection, and continued for 2 minutes following injection. Exercise stress was performed using a bicycle ergometer with a minimum increase to 85% of the maximum predicted heart rate. The subject was imaged in the supine position with a dual head camera (ADAC Vertex, Milpitas, California, USA) in steps of 5.6 degrees, 32 projections, 50 s/projection, using a 64 x 64 matrix yielding a digital resolution of 5 x 5 x 5 mm. Iterative reconstruction using 6 maximum likelihood-expectation maximization (MLEM) was performed with a lowresolution Butterworth post filter with a cutoff frequency set to 0.6 of Nyquist and order 5.0. No attenuation or scatter correction was applied. Lastly, short and long axis images were reconstructed. CMR Imaging. Left ventricular regional function and viability were imaged in the short and long axis planes. Imaging was commenced during end-expiratory breath hold using a 1.5T system (Magnetom Vision, Siemens, Erlangen, Germany) and an ECG-triggered cine gradient echo sequence (resolution 1.6 x 1.6 x 8 mm, gap 2 mm) (Engblom et al., 2004) . Myocardial viability was imaged using a delayed contrast enhancement (DE) sequence consisting of a segmented inversion recovery turbo fast low-angle shot sequence (Simonetti et al., 2001 ) (resolution 1.6 x 1.6 x 8 mm, gap 2 mm, inversion time set to null normal myocardium). DE CMR imaging was commenced 20 minutes after intravenous injection of 0.2 mmol/kg body weight of an extracellular contrast agent (Magnevist®, gadopentetate dimeglumine, Gd-DTPA, Schering). This approach has been shown to enhance infarcted myocardium (Kim et al., 1999) due to an increased tissue distribution volume of Gd-DTPA in infarcted regions (Tong et al., 1993; Arheden et al., 1999; Flacke et al., 2001; Klein et al., 2004) .
Image analysis. For CMR images, the apex was defined at the time of imaging by commencing the short axis imaging with an apical slice that encompassed the apical tip of the heart. For SPECT, the apex was defined manually in a vertical long axis image, after which contiguous 10 mm thick short axis slices were re-sampled from the original short axis slices. All LV short axis slices were used to develop polar plots. Comparison of visual scoring and quantitative measurement was undertaken using 12 segments per slice in four mid-ventricular slices in order to avoid partial volume effects at the apex and through-plane motion in the base of the left ventricle (figure 1). Quantification of perfusion, function and viability was performed along radial profiles from the geometric centroid of the left ventricular lumen at every second degree, yielding 180 measurements per short axis slice. For all LV attributes, 15 measurements (corresponding to 30 degrees) were averaged to obtain mean values for 12 segments per slice.
i) Analysis of perfusion.
For visual perfusion scoring, short axis rest and stress SPECT images were assessed independently, blinded to the corresponding rest or stress images and CMR results.
Scoring was performed by an experienced reader using the 12 segment per slice, four slice model. Images were scored using the following scale: 0 = normal, 1 = mild perfusion abnormality, 2 = moderate abnormality, 3 = severe abnormality, and 4 = maximal abnormality (no perfusion). For quantitative measurement, the centroid of the left ventricular lumen was defined manually in each 10 mm thick short axis slice at rest and stress from SPECT. Images were manually cropped using a circular selection tool.
From the centroid, perfusion was quantified as the area under the count density curve along a radial profile. The visually assessed transition between the myocardium and the blood pool typically ranged between 20-50% of the maximal count density in the same slice. In order to exclude measurement of counts from the blood pool, a cut off value of 30% of the maximal count density in the same slice was therefore chosen as the endocardial limit of the area under the curve measurement for each radial profile. All perfusion values were normalized, where the maximum uptake in the entire left ventricle was set to 100%. Infarct thickness and wall thickness were quantified automatically along radial spokes emanating from the centroid of the endocardial delineation (figure 1).
Generating polar plots.
Polar plots were generated using the quantitative data for perfusion, function and viability. All data was treated as polar coordinates (slice number as radius, segment position as angle) and subsequently converted to Cartesian coordinates for graphing as polar plots. The quantitative value of perfusion, function or viability was represented in each polar plot by a color scale. The perfusion color scale was set to range between 0 and 100% of maximum LV perfusion on a per-patient basis. The wall thickening color scale was set to range between 0 and 100% of diastolic wall thickness on a per-segment basis.
This was done because it has previously been shown using cine MRI that clinically discernable differences in wall thickening in patients with ischemic heart disease typically range between approximately 0 and 100% of diastolic wall thickness (Mahrholdt et al., 2003) . Wall thickening values less than zero were set to 0% and values greater than 100% were set to 100%. The infarct transmurality color scale was set to range between 0 and 100% infarct transmurality. Figure 2 shows a representative case illustrating the feasibility of generating polar plots from SPECT and CMR studies of one patient undertaken both before and after three vessel coronary artery bypass grafting (CABG). Myocardium that is hypoperfused and hypofunctioning but viable can easily be identified and localised. Also, improvement in function and perfusion in viable regions after CABG can easily be assessed. See figure text for details.
Results

Polar plots.
Visual scoring and quantitative measurement of perfusion and function. Table 1 shows the patient characteristics for the 10 patients. Figure 3 shows the relationship between visual scoring and quantitative measurements of both regional perfusion from SPECT and regional function from cine CMR in 480 myocardial segments from 10 patients. All 480 myocardial segments were assessed with a visual perfusion score. 
Clinical relevance of integrative representation of perfusion, function and viability.
Management of ischemic heart disease is complex and often involves assessment of both myocardial perfusion, function and viability Marwick et al., 1999; Kim et al., 2000) . Scintigraphic approaches are currently considered the mainstay of myocardial perfusion assessment (Klocke et al., 2003) while echocardiography, and more recently CMR provide superior information regarding regional myocardial function (Pennell et al., 2004) . Furthermore, DE CMR has emerged as an accurate and robust tool for differentiating viable from infarcted myocardium (Kim et al., 1999) (Lang et al., 1996; Cain et al., 2002) , myocardial thickening (Chan et al., 2000) , and Doppler based measures of intrinsic myocardial function (Tsutsui et al., 1998) . Taken together, these echocardiographic results suggest that quantitative measures often succeed in differentiating normal from abnormal function as defined by experienced readers. The reasons for this are unclear but may relate to the ability of the visual reader, purposefully or otherwise, to simultaneously assess multiple axes and features of regional function such as overall AV plane movement and normalization of thickening to 'normal' segments within the same ventricle. Furthermore, quantitative measures do not typically take into account the significant normal inter-individual variation of radial myocardial function. Therefore, 'overlap' of quantitative measures between different visual function scores will inevitably occur (Ginzton et al., 1986) . Although we found a significant difference in quantitative function between normal and abnormal function, the discriminative ability of such quantitative approaches still appears to be somewhat unsatisfying due to the large inter-individual spread of values as previously discussed.
Limitations. CMR imaging is performed during breath hold and is time resolved over the cardiac cycle while SPECT images represent the average perfusion of the LV throughout all cardiac cycles during approximately 20 minutes of free breathing. Accurate alignment of tissue is hampered by these differences in temporal resolution in combination with differences in spatial resolution. The technique explored in this current study utilizes the similar alignment of the short axis images between imaging modalities and aligns the left ventricular myocardium based on anatomical landmarks. This technique to align CMR and SPECT images is similar in principle to that which has been previously described (Faber et al., 1991; Nelson et al., 2004; Aladl et al., 2004) . Furthermore, the observed good agreeement between visual scoring and quantitative assessment of perfusion and function may be related to the limited and selected group of patients. 
